This paper describes a method to construct three-dimensional (3D) contractile human skeletal muscle tissues from a cell line. The 3D tissue was fabricated as a fiber-based structure and cultured for two weeks under tension by anchoring its both ends. While myotubes from the immortalized human skeletal myocytes used in this study never contracted in the conventional two-dimensional (2D) monolayer culture, myotubes in the 3D tissue showed spontaneous contraction at a high frequency and also reacted to the electrical stimulation. Immunofluorescence revealed that the myotubes in the 3D tissues had sarcomeres and expressed ryanodine receptor (RyR) and sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA). In addition, intracellular calcium oscillations in the myotubes in the 3D tissue were observed. These results indicated that the 3D culture enabled the myocyte cell line to reach a more highly matured state compared to 2D culture. Since contraction is the most significant feature of skeletal muscle, we believe that our 3D human muscle tissue with the contractile ability would be a useful tool for both basic biology research and drug discovery as one of the muscle-on-chips.
Introduction
Human skeletal muscle cell lines derived from normal subjects or muscular dystrophy patients can be useful tools to study healthy and pathophysiological human myogenic features since they keep their differentiation ability and disease-associated characters after being immortalized [1] [2] [3] [4] . Those human muscle cell lines have an advantage in repeated experimental use and easy handling compared to primary cultured cells because of their high proliferative potential and homogeneity. However, most of studies of human skeletal muscle cell lines are performed in the conventional two-dimensional (2D) monolayer culture using plastic dishes where the human myotubes generally fail to form well-organized sarcomeres and contract [3, 5] , which is the most significant feature of skeletal muscle.
In this study, we propose a method to form contractile human skeletal muscle tissues from a cell line by using a three-dimensional (3D) culture technique. The 3D culture, using a variety of bioengineering techniques, enables cells to be cultured at structurally more biomimetic conditions than the 2D culture [6] and has enabled to manufacture various types of physiologically relevant tissues [7] [8] [9] [10] [11] [12] .
Here, we form a fiber-based 3D tissue tensioned by anchoring the both ends. Then, we characterize the formed 3D human muscle tissues in terms of their morphology, myotube formation and intercellular calcium ionic behavior. We finally observe both spontaneous and electrically stimulated muscle contraction of the myotubes in the 3D tissues and analyze the contractile properties.
Material and methods

Immortalized human skeletal myocytes
The human skeletal myocyte cell line cultured in this study were previously described in Shima et al. [13] . They were established from a skeletal muscle biopsy of a normal adult male. The biopsy was performed under an IRB approved protocol at Children's Hospital of Philadelphia. The myoblasts were obtained by explant culture of the biopsy and then immortalized following the protocol of Decary et al. [14] and
Cell culture
The cell line was grown in F10 (Thermo Fisher Scientific) containing 20% FBS (MP Biomedicals) and antibiotics (growth medium, GM) on plastic dishes coated with 1% gelatin (Sigma) at 37°C in 5% CO 2 . For 2D culture, GM was replaced with differentiation medium (DM) when the culture reached subconfluence. DM was DMEM (high-glucose) containing 10 μg/ml bovine insulin (Sigma), 100 μg/ml human apotransferrin (Sigma) and antibiotics supplemented with 200 μM L-ascorbic acid phosphate magnesium salt n-hydrate (Wako Pure Chemical Industries, Japan) and 50 ng/ml IGF-I (R&D Systems) at time of use. The day on which GM was changed to DM was defined as Day 0 for 2D culture. DM was changed every other day. The cell images were taken with IX71 research inverted microscope (Olympus Life Science). The fusion indices were evaluated as [(the number of nuclei in multinucleated myotubes/the number of total nuclei) × 100] (%) and shown as the mean ± SD. More than 300 nuclei were counted from five different fields at each condition.
Construction of 3D muscle tissue
Our culture system for 3D free-standing skeletal muscle fibers was already reported [7, 15] . Briefly, the culture stage and stamp ( Fig. 1(i) ) were made of polydimethylsiloxane (PDMS). Molds for the PDMS culture stage and stamp were fabricated by a commercial stereolithography modeling machine (Perfactory; Envision Tec, Germany) with photoreactive acrylate resin (R11, 25-50 µm layers; Envision Tec). After exposure of the molds to ultraviolet (UV) light for over 60 s with a laser machine (UV-LED; Keyence, Japan) for complete curing, and coating them with 2 µm parylene using a chemical vapor deposition machine (Parylene Deposition System 2010; Specialty Coating Systems, USA), we solidified PDMS elastomer (Sylgard 184 Silicone Elastomer; Dow Corning Toray, Japan) mixed in the ratio of 10:1 (base:cross-linker) in the molds by heating at 75°C for 90 min. After released from the molds and sterilized, the stage and stamp were treated with phosphorylcholine-based (MPC) polymers (Lipidure-CM5206, NOF Corporation, Japan) to inhibit cell adhesion on them. The stamp was additionally coated with 1% BSA/PBS for easy removal from the tissue. The anchors were fabricated by the same method as applied to the molds by using the stereolithography modeling machine. After UV light exposure and 2 µm parylene coating, we coated the anchors with fibronectin (Biomedical Technologies, Spain). The cells were mixed in hydrogel consisting of an equal amount of porcine type I collagen (Cellmatrix I-A, Nitta Gelatin, Japan) and Matrigel (Corning) at 1 × 10 7 cells/ml on ice. The collagen was reconstructed according to the manufacturer's protocol. The hydrogel containing the cells was put on the stage ( Fig. 1 (ii)) placed in a culture dish and gelled at 37°C for 10 min being molded by the stamp with a 500 × 500 × 5000 µm groove ( Fig. 1(iii) ). GM was added into the dish and the culture was incubated at 37°C for an hour before removal of the stamp ( Fig. 1(iv) ). The day on which the tissue was constructed was defined as Day 0 for 3D culture. A half of GM was replaced with DM every day from Day 1 to Day 3 and every other day after Day 3. The images were taken with the IX71 research inverted microscope. The width of total ten tissues was measured by imaging software cellSens (Olympus Life Science) and shown as the mean ± SD.
Immunofluorescence
Both 2D and 3D cultures were fixed with 4% PFA/PBS and treated with 0.2% triton X-100/PBS for cell permeabilization. The samples were incubated in blocking solution (1% BSA/PBS) before primary antibody treatment. The primary antibodies were mouse anti-myogenin (F5D, Santa Cruz Biotechnology), mouse anti-α-actinin (Sigma), mouse anti-skeletal myosin (Sigma), mouse anti-ryanodine receptor (RyR) (Abcam) and mouse anti-SERCA2 ATPase (Thermo Fisher Scientific) antibodies. The secondary antibody was Alexa Fluor 488 goat antimouse IgG (Thermo Fisher Scientific). Cell nuclei were stained with VECTASHIELD Mounting Medium with DAPI (Vector Laboratories, USA). The immunofluorescent images were taken with a confocal laser scanning microscopy LSM780 (Carl Zeiss). The 3D image was reconstructed from Z-stack images of α-actinin staining taken every 10 µm by imaging software ZEN (Carl Zeiss). The myogenin expression was evaluated as [(the number of myogenin-positive nuclei/the number of total nuclei) × 100] (%) from immunofluorescent images and shown as the mean ± SD. More than 800 nuclei were counted from five different fields at each condition.
Calcium imaging
Intracellular calcium ion of a myotube in the 3D tissue was detected with fluo-8 (AAT Bioquest, USA) according to the manufacturer's (ii) The hydrogel containing myocytes was put on the stage and (iii) molded by a PDMS stamp with a groove. (iv) After gelation, the patterned tissue was fixed by the anchors at both ends and stood away from the stage. (v) Muscle contraction was induced by an electric field generated between the electrodes located at both edges of the tissue. protocol (5 μM for 30 min incubation). The video was recorded with the IX71 research inverted microscope and the imaging software cellSens. The signal fluorescence intensity was measured by ImageJ (National Institutes of Health (NIH)) for each flame and normalized by the background fluorescence intensity, which was the value from the area without the 3D tissue (i.e. culture medium only). The signal/background value was shown.
Analysis of spontaneous and electrically stimulated contraction
Three independent spontaneously contracting myotubes in the 3D tissues were video-recorded with the IX71 research inverted microscope and the imaging software cellSens. Arbitrary feature points in the myotubes were decided and their positions were detected for each frame of the video by using a motion analyzer, VW-9000 (Keyence). The displacement of the points in x-axis direction was measured and shown as line graphs to study the contractile frequency.
Electric pulses (2 ms, 1 Hz, 1 V/mm) generated by a function generator (Agilent Technologies) and a power amplifier (Mess-Tek, Japan) were applied to the 3D tissue by using a pair of gold electrodes before the spontaneous contraction started. The contraction of the muscle tissue was induced by an electric field generated between the electrodes which were located at both edges of the tissue ( Fig. 1(v) ). During the experiments, the culture was put on a thermos plate (Tokai Hit, Japan) set at 37°C. The methods for video recording and analysis of the contractile frequency were the same as above.
Results
Differentiation potential of the human skeletal myocyte cell line
To confirm the quality of the cell line, which was established from healthy muscles, we checked the cells' myogenic differentiation potency in the conventional 2D cultures (Fig. 2A) . After being transferred to the serum-free DM containing IGF-I and stable form of ascorbic acid, both of which are known to promote muscle differentiation [13, [16] [17] [18] , the myoblasts soon started to express myogenin (Fig. 2B ) and fused into multinucleated myotubes (Fig. 2C) . The fusion index on Day 4 was 13.5 ± 1.5% and did not significantly increase after then.
On Day 6, the myotubes were immunostained for study of sarcomere formation. While some myotubes showed the striated patterns of α-actinin and skeletal myosin (Fig. 2D) , no spontaneously contracting myotubes were observed even though the cells were cultured until Day 14; this result was consistent with the previous reports [3, 5] .
Construction and characterization of 3D muscle tissue
We constructed the fiber-based 3D tissues from the human skeletal myocyte cell line (Fig. 3A) . To observe their morphological changes, the width of the tissues was measured over two weeks. Immediately after the patterning (Day 0), the width of tissue was around 450 µm, and the cells inside the tissue were still round. At the first 24 h of the culture, the tissue significantly shrunk and the cells were extended. The tissue gradually became thinner after then until it reached around 150 µm in width on Day 15 (Fig. 3B) , which is probably owing to the cell traction force remodeling of the ECM [19] .
In the 3D tissue, the myocytes formed a number of myotubes until Day 10 (Fig. 4A) . They aligned along the longitudinal direction as previously observed [7] . Confocal microscopy imaging showed that long multinucleated-myotubes mainly existed in the surface layer of the tissue, likely because cells localized at the peripheral area could easily access nutrients and oxygen in the culture medium. The sarcomere formation of the myotubes was confirmed by immunofluorescence on Day 10 (Fig. 4B) . To investigate the calcium regulation of the myotubes in the 3D tissue, we checked the expression of ryanodine receptor (RyR) and sarco/endoplasmic reticulum Ca 2+ -ATPase (SERCA).
Immunofluorescence revealed that both RyR and SERCA2 were expressed in the myotubes on Day 12 in a punctate distribution along the long axis of the myotubes (Fig. 4B) . We also monitored the intracellular calcium ionic behavior by using the Ca 2+ indicator fluo-8 and found calcium oscillations in a myotube on Day 11 (Fig. 4C, Supplementary  video 1) . These results indicated that the calcium ion transfer between 
Spontaneous and electrically stimulated contraction of myotubes in the 3D tissue
We found some myotubes started to contract spontaneously (without any electrical or neural stimulation) in the 3D tissue around Day 10 with high reproducibility. From 20 tissues of three different trials, 18 tissues showed spontaneously contracting myotubes (1 started the contraction on Day 9, 12 on Day 10, 4 on Day 11 and 1 on Day 12). The regular contraction was intermittently continued for a few days. Each contraction did not continue for a long time probably because energy source partially depleted in the tissues and the contraction depended on the spontaneous intracellular calcium oscillations. The spontaneous contraction was sporadic and not synchronized in the tissue. We video-recorded three different regularly contracting myotubes on Day 10 (culture #1, Supplementary video 2), Day 13 (culture #2, Supplementary video 3) and Day 15 (culture #3, Supplementary video 4) and found that each myotube contracted in a different frequency: 1.2 times (culture #1), once (culture #2) and 0.4 or 0.6 times (culture #3) a second (Fig. 5A) .
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.yexcr.2018.06.015.
We also investigated whether myotubes in the 3D tissue could react to electrical stimulation. For this experiment, the tissues of Day 8 were used because the spontaneous contraction had never been observed before Day 9. When the electrical stimulation (2 ms pulse, 1 Hz, 1 V/ mm) was added to the whole tissue with a pair of gold electrodes, asecond-interval contraction was observed as expected (Fig. 5B , Supplementary video 5), suggesting that the formed myotubes in the 3D tissue could react to exogenous electrical stimuli before starting spontaneous contraction.
Discussion
The current study proposed the method to construct contractile human skeletal muscle tissues consisting of a cell line by using the 3D culture technique. Although the 3D culture method was reported previously [7] , this study demonstrated that the method could be applied to human cell lines, which we think is important in the recent trend of translational research. The human skeletal myocyte cell line used in this study had high myogenic differentiation potential, but the myotubes never contracted in the conventional 2D culture as other studies reported [3, 5] . In contrast, when they were cultured in a 3D manner, the formed myotubes showed electrically stimulated contraction as well as spontaneous contraction. The 3D human muscle tissues also showed sarcomere formation and intracellular calcium oscillations, suggesting that they were comparable to general engineered skeletal muscle tissues while not physiologically equal to in-vivo muscles. Taking advantage of the cell line, we repeatedly constructed the 3D muscle tissues and demonstrated the high reproducibility of the appearance of contractile myotubes.
Why do tissues mature more highly when cultured in a 3D manner than in a 2D manner? Not only skeletal muscle, but also other various tissues including bone, heart, liver and kidney were reported to show more in-vivo like structures and functions in 3D culture [6, [9] [10] [11] . The possible reason is that 3D culture can replicate the complicated spatial relationship between cell and cell, and cell and ECM as in vivo [6] . One feature of our 3D culture system is the fiber-based structure using the anchors, which allows the tissue to be tensioned during the culture and the myocytes to align along the longitudinal direction in the tissue [7] as in vivo. Patterning cellular alignment is known to be one of the myogenic differentiation-promoting conditions [20] . A further feature is ECM surrounding the cells. By being surrounded by ECM, focal adhesions can form on surfaces other than one in contact with the bottom surface as in 2D culture. This is important for robust sarcomere formation as sarcomere genesis is initiated at sites of focal adhesion in culture [21] . The ECM content, a mixture of collagen type I and Matrigel, is also important. Matrigel, which contains various growth factors and ECM proteins such as laminin and collagen type IV, promotes myogenic differentiation [22] . Our preliminary examination showed that the tissue consisting of the myocytes and collagen type I only was broken a few days after the construction. The addition of Matrigel gave the tissue some flexibility and enabled the myocytes to migrate in the hydrogel, which resulted in the formation of a number of myotubes in the 3D tissues.
Studying how to efficiently maintain and regenerate human skeletal muscles in vitro is becoming important because of the unprecedented aging societies around the world. The functional in-vitro human skeletal muscle models are strongly desired not only to study rare genetic neuromuscular diseases but also to study sarcopenia, loss of muscle with aging. Some fundamental functions of skeletal muscle are studied only when contractile muscle models are used. For example, skeletal muscle secreted proteins named myokines during contraction, which have been attracting attention as a molecular basis for effects of exercise [23] . We believe that our platform could be one of human skeletal muscle-on-chips that have collected a great expectation in Fig. 3 . Construction of the 3D tissue consisting of the human skeletal myocyte cell line. A. Low (left) and high (right) magnification images of the constructed tissue. scale bars= 500 µm (left) and 100 µm (right). B. The width of the tissues was measured daily from soon after the tissue construction (Day 0) to Day 7 and on Day 15. The tissues kept becoming thinner during the culture. mean ± SD (N = 10).
application for novel drug discovery, at the same time as pursuing another application such as transplantable functional human muscle for regenerative medicine. 
